The aim of the present work is to study the vibration behavior of sandwich composites with shear damages on the foams. The effect of the densities of damage on the linear and nonlinear vibration parameters is studied. The sandwich materials used in this study is constructed with glass fiber laminates as skins and with PVC closed-cell foams with density 60 and 100 kg m À3 as core. After a serie of vibration tests, the change of natural frequencies and modal damping due to the damage and the foam densities. For an intact specimen, the resonance frequency was constant when we increase the excitation amplitude. For damaged specimens, the resonance frequencies decrease and the loss factors increase proportionally with the increasing excitation amplitude. The nonlinear parameters corresponding to the elastic modulus and damping were determined for each frequency modes and each damage and foam densities. The results showed that nonlinear dissipative parameters were more sensitive to damage than linear elastic and dissipative parameters.
Introduction
The use of sandwich structures is growing rapidly in many engineering applications such as aircraft, missile, spacecraft structures, ships and other industries due to their high strength and low-weight properties. A great variety of core materials, such as balsa wood, foam core, and honeycomb cores have been bonded to fiber composite skins (glass, carbon, hybrid, etc.) to manufacture composite sandwich panels and structures. The skin material is very stronger and thinner than the core material. They are bonded together with the adhesive joints. The sandwich materials are more advantageous compared to other traditional metallic materials.
The main advantages of composites sandwich are many, including lighter weight, improved fatigue life, the ability to tailor the layup for optimum strength and stiffness, corrosion resistance, good design practice, good damping characteristic, etc.
During the use of the sandwich materials, it can damage in several ways. The principal modes of damage of composites with foam cores are: face wrinkling, debonding between skin and core, fracture of skin, indentation, shear damage of the core, etc.
Many damage detection methods have been developed for composite structures, such as acoustic emission (AE), [1] [2] [3] thermography, 4 X-ray, 5 electrical resistance, 6 ultrasonic C scan, 7 guided wave-based [8] [9] [10] and vibration-based methods, 11, 12 etc. A great number of studies are reported in the literature on linear and nonlinear vibration of composite materials.
Idriss et al. 13, 14 studied the dynamic behavior of sandwich composites with debonding damage. The sandwich materials studied are constructed with glass fiber laminates as skins and with PVC closed-cell foams as core. They studied the influence of the debonding length on the linear and the nonlinear dissipative and elastic parameters. The linear vibration characterization showed that the loss factor increases and the frequency decreases when the debonding lengths increase. They also showed that, when the density of the foam increases, the damping decreases slightly. The nonlinear dissipative and elastic parameters determined for each frequency mode and each debonding length. The results showed that the nonlinear parameters were much more sensitive to damage than linear parameters.
Hammami et al. 15 investigated the effects of delamination damages on the linear and nonlinear vibration of laminated materials. They showed that the natural frequencies decrease and the loss factors increase with delamination length. They showed also that the nonlinear parameters are more sensitive to the presence of delamination in composite structure than the linear parameters.
Bertholot and Sefrani 16 used the Ritz method to present the evaluation of the damping of orthotropic or unidirectional composite materials.
Okutan et al. 17 studied the influence of position of debonding on the dynamic behavior of flat and curved sandwich. They showed that the frequency decreases with the presence of debonding. They showed also that the curvature angle of sandwich is sensible at the frequency response. Thomson et al. 18 studied the effects of interfacial crack size and impact damage size on the shear properties failure mechanisms of sandwich composites. They used the four-point bending test and they showed that the strength was only degraded when the interfacial crack or impact damage exceeded a critical size.
A great number of works studied the effect of many types of damages (delamination, [19] [20] [21] debending, etc.) on the dynamic behavior of composite materials. In this study, we focus our attention of the effect of another type of damage on sandwich materials which is the shear damage on the foam.
The purpose of the present article is to characterize the dynamic behavior of sandwich beams with shear damages on the foam by linear and nonlinear vibration methods. The shear damage is initiated in the middle of the foam. The number of the shear damages is then increased two by two along the length of the specimens. The effects of the densities of damage (the ratio between the number of shear damages and the length of the specimens) on the frequency, loss factor, and nonlinear parameters were studied for each frequency mode.
Theoretical background
When concrete and other heterogeneous mesoscopic elastic materials are damaged, naturally occurring non-linear hysteretic effects increase. 22, 23 The theoretical description of nonlinear mesoscopic elastic materials contains terms that describe classical nonlinearity, as well as hysteresis, and discrete memory. [24] [25] [26] [27] [28] [29] [30] In addition to the classical non-linearity stress-strain relation, one then also has to take account for hysteresis and discrete memory (Figure 1) .
In this case, the relation between the stress and the strain " can be expressed in a first approximation as follows
where K is the strain amplitude and the strain ratedependent modulus is given by
where K 0 is the linear elastic modulus, and are, respectively, the classical quadratic and cubic nonlinear parameters, " is the local strain amplitude and _ " is the strain rate and
And where the parameter is a measure of the hysteresis of the material, F is a function which describe the hysteresis. 26, 30 This equation is derived from a model using the space of Preisach-Mayergoyz. 28 The downward shift of the resonance frequency and the increasing damping factor with increasing excitation amplitude are the two of the main manifestations of the non-linear hysteresis properties of a material. These nonlinear hysteresis properties are clearer for larger excitation amplitudes (see Haller and Hedberg 31 ). Studies of the frequency shift as a function of the amplitude has shown the existence of a quadratic dependence. [32] [33] [34] [35] However, in many experimental studies, a linear approximation between the frequency shift and the amplitude has been successfully used over a limited amplitude range. 13, 23, [36] [37] [38] [39] Commonly, the linear frequency shift with strain amplitude is given as
In the case where the material has a classical and non-classical nonlinear behavior, 40 the increase of modal damping ratio versus the deformation amplitude is linear. The relative variation of the loss factor is defined as
where 0 is the modal damping ratio at low excitation amplitude, is the damping at increasing drive amplitude ", and is the nonlinear dissipative parameter.
Experiments

Materials and specimens
The sandwich beams used in this study was made of four unidirectional layers of E-glass fiber in an epoxy matrix arranged in the sequence [0/90] s as skin and PVC closed-cell foams as core. Two types of sandwich beams are studied which are differentiated by the densities of PVC core (60 and 100 kg m À3 ). The material properties of glass fiber, epoxy resin, and PVC foams are given, respectively, in Tables 1 to 3 .
The sandwich materials were manufactured using the hand lay-up process (Figure 2 ). This method is one of the oldest methods which is the best suited for short production series. The procedure of fabrication of sandwich materials is shown in Fan and Qiao.
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The sandwich beams were cut with a diamond disk. The obtained beam has 300 mm length, 40 mm width and 22 mm depth.
The shear damage is initiated in the middle of the foam. The number of the shear damage is then increased two by two along the length of the specimens ( Figure 3 ).
Linear and nonlinear vibration tests
The linear and nonlinear vibration tests were performed for both the undamaged and damaged composite sandwich beams. Figure 3 shows the experimental setup used to study the vibrations of sandwich specimens. All the sandwich beams were tested under clamped-free boundary condition as given in Figure 4 .
The system, shown in Figure 3 , is composed by an analyzer with two channels, Stanford Research system SR 785, to generate a sinusoidal excitation with different frequencies and amplitudes. This signal was amplified at a constant gain using a power amplifier PA25E. The excitation of the flexural vibration was introduced to the sandwich beams (in the clamped part) using a shaker BK 4809. Vibration responses were acquired through an accelerometer PCB 352c22 (of practically negligible mass) in the free part of the sandwich beams ( Figure 4 ). This accelerometer was connected to a conditioning amplifier G.R.A.S. A GRIB card controlled the excitation and digitalized the response via a LABVIEW interface. Measurements were taken for the first three bending modes at intact as well as specimens with shear damages in the core using excitations from 50 mV to 350 mV, before amplification. The frequency sweep is then repeated for 10 increasing amplitudes of excitation. Data were saved for postprocessing. The extracted natural frequencies and modal damping coefficient of the beam are presented in the following section.
The specimens were tested in linear (low amplitude of excitation 50 mV) and nonlinear resonant experiment. For each material and each density of damage states, three samples were tested for repeatability three times. Figure 5 shows an example of resonance curves at 10 different excitation levels. Effect of damage densities on linear vibration parameters Resonance curves ) and for the first three bending modes of vibration. We observe a shift curve toward the low frequencies when the damage densities increase. The higher order mode (mode 3) is the most sensitive. The natural frequency and the loss factor can be determined by those resonance curves.
Natural frequency
Various studies in static analysis showed that the increase of damage densities causes a decrease of the strength and stiffness of the sandwich materials. 13, 41, 42 Two types of sandwich beams were tested at low amplitude excitation, to examine the effect of damage and foam densities on frequency in linear vibration. Figure 7 (a) and (b) illustrates the evolution of natural frequency for the first three modes versus the damage densities for two types of sandwich materials which are differentiated by the densities of their foams (60 and 100 kg m À3 ). The damage density is the ratio of the number of shear damages on the foams with the total length of the specimen.
The curves demonstrate that the natural frequencies decrease when the densities of damage increase. The loss of rigidity is responsible for this decrease, which is governed by the change of the mechanical properties of the sandwich materials (foam and skins). Then the natural frequencies depend on the damage and foam densities. For smaller damage densities, the higher order mode (mode 3) is the most sensitive of all the modes.
For example, in the case of sandwich with core density of 60 kg m À3 , the first and the third modes of the beam without shear damage are, respectively, 186 Hz and 1442 Hz. For the beam with 12 m À1 damage density, the first mode is about 173 Hz and the third mode is 1165 Hz.
Loss factor
The loss factors (inverse quality factor) are determined for different damage densities and different modes by the half-power bandwidth method (À3 dB method) (Figure 8 ).
The evolutions of loss factor (inverse quality factor) for the first three modes versus the densities of damage for two types of sandwich materials differentiated by the densities of their foams (60 and 100 kg m À3 ) are illustrated in Figure 9 (a) and (b). The results from the figure indicate that the loss factors (inverse quality factor) increase with the increase of the densities of damage. In mode 1 and for the sandwich with foam density 60 kg m À3 , the values of the loss factor increase rapidly when the damage densities are high. However, in mode 2, the values of loss factor increase slightly and are almost constant. In mode 3, the loss factor values are almost constant when the damage densities are low, then they increase when the damage densities are high. The same result was obtained for the two types of sandwich materials.
In the case of sandwich with core densities 60 kg m
À3
and for the first mode, the value of the loss factor is 0.89% for the undamaged beams, while it is 2.12% for sandwich with density of damage in the foam 60 m À1 . For the sandwich with foam density 100 kg m À3 , the value of the loss factor is 0.87% for the undamaged specimens, while it is 1.8% for sandwich with 60 m À1 damage density in the foam.
The variation of loss factor is considerably higher in case of the specimens with foam density 60 kg m À3 . The density of core can play an important role, and for the high density core the loss factor increases slightly. This behavior is explained in Assarar et al. 43 The sandwich with density of 100 kg m À3 is more resistant on shear damages on the foam than the other sandwich. Figure 9 (a) and (b) shows also that when the density of the foam increases, the loss factor decreases slightly. This behavior may be associated with the size of the closed cells of foam which contains the air (Figure 10 ). For high density of the foam, the size of cells is small and thus the quantity of the air contained in the cells is low, which leads to a reduction of the damping induced by the air.
Effect of damage densities on nonlinear vibration parameters
Resonance curves
The specimens were tested in nonlinear resonant experiment. The shear damage is initiated in the middle of the foam. The number of the shear damages is then increased two by two along the length of the specimens; a set of 10 resonance curves was measured at increasing excitation level (from 50 mV to 350 mV). Figure 11 shows an example of resonance curves for specimens sandwich with foam density 60 kg m À3 with (60 m À1 ) and without shear damages, and for the first three bending modes of vibration. For the first three bending modes of vibration, we observed that the resonance curves are symmetric and there is no frequency offset. Overall, the resonance curve becomes larger when the excitation level and the damage densities increased.
Loss factor shift
The loss factors are determined for three modes and different damage densities by the half-power bandwidth method (À3 dB method) (equation (6)). For example, Figures 12 and 13 show the evolution of the loss factor shift ((Z À Z 0 )/Z 0 ) versus resonant amplitude for different damage densities and for, respectively, sandwich beams with 60 and 100 kg m À3 foam densities.
The results obtained show that:
-The loss factor shift increases as a function of resonant amplitude and for different damage densities. -For the two types of sandwich materials and the three modes, the loss factor shift varies linearly as a function of the resonant amplitude, as described in equation (5). -In modes 1 and 3, the curves of the loss factor shift as a function of the resonant amplitude is done in a disordered manner when the damage densities increase. Whereas, in mode 2, it is done in an ordered manner.
The linear increase of the loss factors as a function of the resonant amplitude is explained as follows: when exciting materials which have a hysteretic behavior with an amplitude A1, the stress-strain curve describes a hysteresis loop with a module K1 and a dissipation of energy ÁW 1 . However, if the amplitude A2 is increased (A2 > A1), the material describes a second hysteresis loop with a lower modulus K2 (K2 < K1) and a higher dissipated energy ÁW 2 ÁW 2 iÁW 1 ð Þ , which reflects the increase in the loss factor as a function of the resonant amplitude and the damage densities.
Nonlinear parameters
Evolution of the loss factors shift as a function of the resonant amplitude is linearly fitted and the slope obtained corresponds to the nonlinear dissipative parameters . The nonlinear parameters are determined for each frequency mode and each damage density.
Mean values of nonlinear dissipative parameter ( ) for the first three modes and for two types of sandwich materials are listed in Table 4 .
For a given damage density, the nonlinear dissipative parameter ( ) depends on the frequency (mode). We take the case of a sandwich with a foam density 60 kgm À3 and a damage density 44 m À1 , the value of the nonlinear dissipative parameters are mode1 ¼ 4.992 AE 1.169; mode2 ¼ 39.17 AE 5.38 and mode3 ¼ 49.92 AE 8.78. The values of nonlinear parameter of different modes show some significant differences. These differences may be due to measurement errors or can also be attributed to differences in the contributions of the different modes to the nonlinearity. For the first and third modes of two types of sandwich beams (60 and 100 kg m À3 ), the behavior of versus the densities of damages is dispersive. For the second mode, the results show that the nonlinear dissipative parameters depend on the densities of damages, i.e. the lower nonlinear parameters correspond to the lower damage densities. The nonlinear parameters for higher density are most important. We consider the second mode as it depends on the damage densities. 
Sensibility
We propose to compare the sensibility of linear and nonlinear, elastic and dissipative parameters of mode 2, versus the damage densities, since it is the only one that gives coherent results in nonlinear behavior. elastic and dissipative parameters are normalized with the value obtained in the specimen without damage.
The normalized values of linear and nonlinear dissipative parameters increase versus the densities of damages while the normalized values of linear elastic parameter decrease. The increase of the nonlinear dissipative parameter is more important than the increase of the linear dissipative parameter. It appears that the nonlinear dissipative parameter is more sensitive than the linear elastic and dissipative parameters.
The normalized values of nonlinear dissipative parameter for sandwich with foam density of 100 kg m À3 are higher than the sandwich with foam density of 60 kg m À3 .
Conclusion
Characterization of sandwich beams with shear damages on the foam by linear and nonlinear vibration methods was investigated in the case of clamped-free end conditions. Two types of sandwich structures with different foam densities (60 and 100 kg m
À3
) were considered. This study shows that the rigidity of the sandwich beams increases with the increase of core densities and the decrease of damage densities.
Linear vibration characterization showed that the frequency decreases and the loss factor increases with the increase of the damage densities. It also shown that when the density of the foam increases, the loss factor decreases slightly.
The results of nonlinear vibration characterization showed an increase of the loss factor shift with increasing excitation amplitude. The nonlinear dissipative parameter was measured as a function of the densities of damages and compared to the linear elastic and dissipative parameters. It appears that the nonlinear parameter is more sensitive than the linear parameters. Nonlinear parameters can be recommended in the evaluation of damage process in sandwich materials. 
